Abstract: In studies of aquatic environments, an optical property, K PAR , which represents the diffuse attenuation coefficient of Photosynthetic Available Radiation (PAR), is used frequently. Because water's diffuse attenuation coefficient is highly spectral dependent and PAR is spectrally narrowing to wavelengths with less attenuation coefficients with increasing depth, this K PAR is significantly depth dependent in the upper water column even for well-mixed waters. In this article, with an aim for more reliable attenuation products and more accurate description of PAR profiles, the ambiguity associated with K PAR is highlighted, and the proper representation of the vertical variation of K PAR is advocated.
To illustrate the depth dependence of K PAR , a common feature of apparent optical properties [21] [22] , results of a numerical simulation by Hydrolight ® [23] are presented here. Hydrolight ® , a commercial software used by global ocean optics community, is a powerful tool that can be used to accurately simulate 1-dimensional subsurface light field for various kinds aquatic environments. In the simulation here, the water is assumed to be well mixed with a chlorophyll concentration of 0.1mg/m 3 , a value frequently observed for world oceans [24] . Absorption of colored dissolved organic matter (CDOM) at 440 nm is considered equivalent to that of chlorophyll [25] , and scattering of particulates is based on the model of Gordon and Morel [26] . The sky is assumed cloudless with the sun at 30 o from the zenith. Fig.1 shows the vertical distributions of PAR(z) and K PAR (z) calculated from the numerical simulation. Note that K PAR (z) here is the diffuse attenuation coefficient at depth z, or the so-called instantaneous attenuation coefficient, defined as:
K PAR (z) is approximated here as:
with a depth increment (Δz) of 0.1m.
For waters in this example, it is clear that K PAR (z) is depth dependent and it varies by three fold from the surface to the bottom of the euphotic zone (76.7m for this example). This is because that PAR measures integrated photons in the visible domain. Water and its dissolved and suspended constituents absorb and scatter photons spectrum selectively; therefore, PAR at greater depth is spectrally weighted towards bands that are least attenuated in the water column. This explains why K PAR (z) approaches an asymptotic minimum with increasing depth.
Because K PAR (z) changes with depth, an expression with greater fidelity to the physics for vertical PAR profile should be
To write this expression in a simple fashion as Eq.1, the vertical variation of PAR can be expressed as
Figure 1 An example of vertical profiles of PAR and K PAR , simulated using Hydrolight This PAR ( ) K z , however, is no longer the instantaneous attenuation at depth z (K PAR (z)), nor the vertically averaged value in the euphotic zone ( PAR K ). PAR ( ) K z is the vertical average of K PAR (z) between the surface and depth z: For the example shown in Fig.1 , Table 1 presents the instantaneous PAR attenuation, [28] [29] , but its magnitude of variation is significantly smaller than that of K PAR . Because of such inherent ambiguity associated with K PAR , it is quite difficult to compare reported K PAR values in the literature [15] [16] 18] and data bases (WOOD, SeaBASS) before their definitions and depth ranges used in their calculations are explicitly provided. Furthermore, it is not surprising to see different parameterizations when depth-averaged K PAR is empirically linked to either chlorophyll concentration [11] [12] 30] or Secchi disk depth [13, 31] , even if regional or temporal variations in bio-optical properties are assumed negligible. Consequently, for global oceans, significantly different K PAR values could be generated from these different empirical relationships [32] .
Due to the large vertical variation of K PAR (z), vertical distribution of PAR(z) by Eq.1 would be a coarse approximation if K PAR is treated as a depth-independent variable. To illustrate this point, Figure 2 shows PAR(z)
obtained from the Hydrolight ® simulation (used herein as a reference field) and that modeled by Eq.1 with two different depth-independent K PAR values, respectively. When PAR K (the averaged value within the euphotic zone, 0.060m -1 ) is used, PAR(z) value from Eq.1 matches true value for depths around the euphotic depth, but ), but it does not yield accurate estimates of PAR at other depths (see Fig.2 ). 
Conclusions
As shown in various studies [12, 33] , treating K PAR as a depth-independent property is not consistent with the physics of light propagation through an aquatic environment; and such K PAR approach results in coarse, if not erroneous, approximation of PAR's vertical profile. In a broader perspective, these inconsistencies indicate that depth-independent K PAR is not a robust candidate to be considered as a stand-alone product (in analogy to concentration of chlorophyll) for ocean color remote sensing. To accurately model or predict PAR levels in both horizontal and vertical dimensions from ocean color remote sensing, either spectrally-resolved light field [34] [35] or depth-dependent PAR ( ) K z (for spectrally-integrated approach) is better to be adopted [20] . Presently PAR ( ) K z can be modeled from other well-defined properties or products, such as the diffuse attenuation coefficient at 490nm [20] , concentration of chlorophyll [36] [37] , and the inherent optical properties [19, 38] . Separately, for the application of measuring water quality from observation of water color [10] , instead of using the ambiguous K PAR , it is better to use water's inherent optical properties [39] [40] or photic depths [41] .
